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STRUCTURAL  INTEGRITY  OF  WATER  REACTOR 
PRESSURE  BOUNDARY  COMPONENTS 

QUARTERLY  PROGRESS  REPORT,  APRIWUNE 1979 


SUMMARY 

L  RADIATION  SENSITIVITY  AND 
POSTIRRADIATION  PROPERTIES  RECOVERY 

A.  Evaluation  and.  Comparison  of  IAEA  Coordinated  Program  Steels  and 
Welds  with  288°C  Irradiation 

Four  steel  materials  supplied  by  Japan  to  the  IAEA  Program  on  "Analysis 
of  the  Behavior  of  Advanced  Reactor  Pressure  Vessel  Steels  Under  Neutron 
Irradiation,"  have  been  compared  after  288°C  irradiation  against  the  IAEA 
reference  steel  plate  (HSST  Plate  03).  Notch  ductility  comparisons  indicate  the 
Japanese  materials  to  be  somewhat  more  resistant  to  radiation-induced  embrit¬ 
tlement  than  the  reference  materiaL  The  observed  difference  is  believed  due 
to  a  copper  content  difference  (.04%Cu,  max,  Japanese-produced  materials  vs 
.12%Cu,  IAEA  reference  plate). 

B.  IAR  Program  Investigation  of  Charpy-V  Notch  Ductility  Trends  with  Cyclic 
Postirradiation  Annealing  and  Reirradiation  Treatments 

The  notch  ductility  behavior  of  two  submerged  arc  weld  deposits  with 
irradiation  to^L2  x  Mr^n/cnr >1  MeV  followed  by  two  full  cycles  of  399  C 
(750°F)-168  hr  annealing  and  288°C  (550°F)  reirradiation  for>0.7  xlO1®  n/cm  has 
been  determined.  The  total  fluence  received  was  ^2.6  x  10 13  n/cm  .  The  results 
demonstrate  that  the  buildup  of  detrimental  radiation  effects  can  be  reduced 
significantly  by  intermediate  399°C  annealing  and  that  the  benefits  can  be  retained 
through  two  cycles  of  reirradiation.  The  results  also  confirm  an  earlier  observation 
with  one  cycle  of  reirradiation  where  the  rate  of  reembrittlement  of  annealed 
material  was  found  to  be  higher  than  that  of  non-annealed  material  for  the  same 
increment  of  additional  fluence. 


Note:  Manuscript  submitted  July  38, 1979. 


IL  FRACTURE  MECHANICS  INVESTIGATIONS 


A.  J-R  Curve  Characterization  of  Irradiated  Submerged  Arc  Weld  Deposit 

Upper  shelf  J-R  curve  trends  of  an  irradiated  A533-B  submerged-arc  weld 
metal  having  a  high  impurity  copper  level  have  been  characterized  as  a  function 
of  cyclicLpostirradiation  annealing  and  reirradiation.  Irradiation  to  a  fluence  of 
L2  x  10  n/cm  «>  1  MeV  reduced  the  upper  shelf  J.  level  by  one-half,  to  a 
value  of  65  kJ/rrr  (373  Ib/in.)  or  an  equivalent  K,  value  of  119  MPa/ m  (108 
ksi/in.).  The  tearing  modulus  was  reduced  to  a  level  of  30  which  reflects 
approximately  one-third  of  its  unirradiated  value.  After  one  and  two  cycles  of 
reirradiation,  coupled  with  intermediate  anneals,  the  toughness  did  not  drop 
below  the  level  of  the  original  irradiation  condition  even  though  the  total 
fluence  was  doubled.  These  results  are  consistent  with  the  behavior  defined  by 
Cy  upper  shelf  energy. 

J-R  curve  trends  were  established  with  1T-CT  specimens  having  20 
percent  side  grooves  and  using  the  single  specimen  compliance  technique.  Due 
to  the  nonlinear  behavior  of  the  R  curve,  an  alternative  definition  of  J.  is 
proposed  in  place  of  that  given  by  the  ASTM  proposed  multispecimen  standard. 
An  apparent  new  phenomenon  of  specimen  hardening  prior  to  cleavage  failure 
was  also  uncovered. 


m.  FATIGUE  CRACK  PROPAGATION  IN  LWR  MATERIALS 
A.  Evaluation  of  Critical  Factors  in  Cyclic  Crack  Growth  Rate  Studies 

The  objectives  of  the  preliminary  matrix  test  plan  have  been  met  and  the 
testing  of  the  main  matrix  has  begun.  The  basic  conclusions  drawn  from  these 
test  results  are:  (a)  combinations  of  long  ramp  times  ( £1  min)  and  low  tempera¬ 
tures  (93  C)  result  in  growth  rates  which  reside  a  factor  of  three  to  five  above 
the  ASMS  Section  XI  air  default  line,  and  (b)  combinations  of  long  ramp  times 
and  high  temperatures  (288°C)  produce  data  which  reside  essentially  on  the  air 
default  line.  The  presence  of  a  hold  time,  coupled  with  a  long  ramp,  does  not 
increase  crack  growth  rates  at  either  the  high  or  low  temperature.  The 
influence  of  hold  times  for  shorter  ramp  times  will  be  investigated. 

A  hydrogen  embrittlement  model  has  been  proposed  to  assist  the  explana¬ 
tion  of  these  results.  The  hydrogen  is  produced  by  hydrolysis  at  the  crack  tip 
(hiring  any  appreciable  ramp  time.  The  slower  diffusion  rate  at  low  tempera¬ 
ture  results  in  accumulation  of  the  hydrogen  in  the  plastic  enclave  at  the  crack 
tip  and  results  in  hydrogen  assisted  crack  growth  with  rates  of  three  to  five 
times  faster  than  growth  in  non-hydrogen  producing  environments.  At  high 
temperature,  the  faster  diffusion  rates,  possibly  coupled  with  passivation  of  the 
crack  tip  by  an  oxide  layer  results  in  hydrogen  transport  through  and  beyond  the 
plastic  zone,  and  crack  growth  rates  are  depressed  back  to  the  levels  of  growth 
rates  in  air. 
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Microstructural  and  fraetographic  studies  have  been  performed  on  Type 
A302-B  ferritic  steel  to  characterize  the  failure  processes  and  establish  correla¬ 
tions  with  fatigue  propagation  data.  Failed  specimens  were  examined  by  scanning 
electron  microscopy  (SEM)  and  by  energy  dispersive  x-ray  microanalyste.  SEM 
examinations  of  the  fracture  surfaces  of  specimens  cut  in  the  T-L  direction 
revealed  presence  of  inclusion  bands  above  an  observed  AK  threshold  value. 
Subsequent  x-ray  image  scans  and  corresponding  energy  spectra  showed  that  tne 
bands  were  mai^anese-sulfide  inclusions.  The  inclusion  bands  resulted  in  increased 
crack  growth  rate  in  these  specimens  compared  to  the  specimens  cut  in  the  l-t 
direction.  The  AK  threshold  value  necessary  to  activate  the  inclusion  bands  is 
believed  to  be  a  measure  of  the  cohesive  strength  between  the  inclusions  and  the 
material  matrix. 
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STRUCTURAL  INTEGRITY  OF  WATER  REACTOR 
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RESEARCH  PROGRESS 

L  RADIATION  SENSITIVITY  AND 
POSTIRRADIATION  PROPERTIES  RECOVERY 

Evaluation  and  Comparison  of  IAEA  Coordinated  Program  Steels  and 
Welds  with  288°C  Irradiation 

J.  R.  Hawthorne 


The  International  Working  Group  on  Reliability  of  Reactor  Pressure 
Components  (IWG-RRPC),  sponsored  by  the  International  Atomic  Energy 
Agency  (IAEA),  is  conducting  a  coordinated  study  of  the  radiation  embrittle¬ 
ment  behavior  of  pressure  vessel  steels.  The  research  program,  formally 
identified  as  "Analysis  of  the  Behavior  of  Advanced  Reactor  Pressure  Vessel 
Steels  Under  Neutron  Irradiation,"  was  approved  by  the  IAEA  Director  General 
in  December  1976  [1] .  A  main  goal  is  to  undertake  a  cooperative  Study  of  the 
radiation  embrittlement  behavior  of  improved  steels  produced  in  various 
countries.  The  stated  purpose  is  to  "demonstrate  that  careful  specification  of 
reactor  steels  can  eliminate  the  problem  of  potential  failure  including  that 
caused  by  neutron  irradiation  and  to  demonstrate  whether  or  not  knowledge  has 
advanced  to  the  point  where  steel  manufacture  and  welding  technology  can 
routinely  produce  steel  reactor  pressure  vessels  of  high  radiation  resistance" 

m. 

Materials  for  the  investigation  (plate,  forging,  weld),  representing  current 
production  practices  are  being  supplied  to  the  program  by  the  Federal  Republic 
of  Germany,  France  and  Japan.  A  United  States-produced  A533-B  steel  plate 
(HSST  Plate  03)  is  being  used  as  a  reference  material  in  a  role  similar  to  that 
played  by  the  ASTM  A302-B  steel  reference  plate  [2]  in  reactor  vessel 
surveillance.  Material  irradiations  are  being  carried  out  at  290°C  +10°C.  The 
target  fluence  range  for  the  study  is  1  to  3  x  101  n/cm*  >1  MeV. 

The  Naval  Research  Laboratory  (NRL)  is  a  participant  in  the  IWG-RRPCstudy 
under  IAEA  Research  Agreement  No.  1861/CF.  Particular  interests  of  the  NRL 
investigations  include  determinations  of  the  irradiation  characteristics  of  the 
coordinated  program  materials,  the  relative  radiation  resistance  of  USA  versus 
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non-USA  steel  production,  and  the  correlation  of  Charpy-V  notch  ductility, 
fracture  toughness  and  strength  changes  with  irradiation.  Projected  results  will 
be  of  significant  value  to  NRC  Regulatory  Guide  L99  [3]  for  foreign  steel 
evaluations  and  to  current  reactor  vessel  construction  codes. 

Progress 

Charpy-V  (C  )  and  fatigue  precracked  C  (PCCl  specimens  of  five 
coordinated  program  materials  have  been  irradiated  at  28o  C  to  approximately 
LS  x  10 1  n/cm*  >1  MeV.  Four  of  the  materials  were  supplied  by  Japan  and 
include  two  plates,  one  forging  and  one  weld  deposit.  The  fifth  material  is  the 
IAEA  reference  plate.  The  irradiations  were  conducted  in  two  experiments  in 
the  State  University  of  New  York  at  Buffalo,  using  its  2  MW  pool  reactor 
(UBR).  The  irradiation  period  was  630  hours  for  both  experiments.  Postirra¬ 
diation  C  tests  have  been  completed  and  are  reported  here;  PCCy  testing  is 
underway. 

Table  1  identifies  the  materials  by  producer,  chemistry  and  heat  treat¬ 
ment.  Tensile  properties  are  given  in  Table  2.  It  will  be  noted  that  Plate  LG 
was  the  parent  plate  for  Weld  JW  502.  Pre-  and  postirradiation  C  results  are 
given  in  Figs.  1  to  5  and  are  summarized  in  Table  3.  Several  observations  are 
permitted  by  the  data  as  follows: 

L  The  C  41J  and  C  68J  transition  temperatures  for  the  Japan- 
produced  materials  are  considerably  lower  than  those  of  the  IAEA 
reference  plate  for  the  unirradiated  condition  and  for  the  irradiated 
condition. 

2.  The  C  41J  transition  temperature  elevations  by  irradiation  for  the 
Japan-Produced  materials  were  smaller  than  that  for  the  IAEA 
reference  plate  (14  to  31°C  versus  44°C).  Of  the  former,  the  forging 
showed  the  greatest  transition  elevation  with  irradiation. 

3.  All  of  the  materials  exhibited  high  (  *135  J)  upper  shelf  energy  levels 
before  and  after  irradiation.  For  the  most  part,  upper  shelf  reduc¬ 
tions  were  less  than  14  J.  The  largest  reductions  (  -41J)  were 
exhibited  by  the  two  Japan-produced  plates.  However,  the  preirra¬ 
diation  upper  shelf  levels  of  these  plates  were  significantly  greater 
than  those  of  the  remaining  materials. 

The  observations  permit  the  conclusion  that  each  of  the  Japan-produced 
materials  have  a  high  resistance  to  embrittlement  by  288°C  irradiation. 
Additionally,  they  showed  a  greater  resistance  to  radiation  than  the  IAEA 
reference  plate.  In  this  regard,  the  somewhat  poorer  performance  of  the 
reference  plate  can  be  attributed  to  its  higher  copper  content  (i.e.,  .12%Cu 
versus  .04%Cu,  Japan-produced  materials). 

Future  Plans 

Plans  for  the  coming  quarter  include  completion  of  PCC  specimen 
evaluations  of  pre-  and  postirradiation  conditions.  It  is  also  expected  that  the 
materials  produced  in  France  and  Germany  (now  in  transit)  win  be  received  at 
NRL.  Specimen  blanking  operations  are  planned  for  late  FY-79. 
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(PWHT)  -  6] 
Not  known. 


TABLE  2 

Tensile  Properties  of  the  Test  Materials* 
(Unirradiated  Condition  at  24°C) 


Material 

Codes 

YS 

(MPa) 

TS 

(MPa) 

RA 

(%) 

Elong. 

(%) 

HSST03 

464 

628 

65.0 

25.3 

JP  107 

442 

589 

72.6 

24.7 

JF  212 

462 

597 

70.7 

26.2 

JW  502 

530 

619 

73.0 

24.8 

JW(BP)  LG 

444 

581 

72.6 

28.8 

Average,  duplicate  tests. 

TL  orientation,  plate  and  forging. 
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TEMPERATURE 


Fig.  3  C harpy- V  notch  ductility  of  the  Japan-produced  A508  Class  3  forging, 

Code  JF  212.  Results  for  two  irradiation  experiments  are  indicated. 


ENERGY 


Fig.  4  Charpy-V  notch  ductility  of  the  Japan-produced  submerged  arc  weld 
deposit,  Code  JW  S02.  The  specimens  were  oriented  with  their  long  dimension 
perpendicular  to  the  welding  direction  and  parallel  to  the  weldment  surface. 
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B.  1AR  Program  Investigations  of  Charpy-V  Notch  Ductility  Trends  With 

Cyclic  Postirradiation  Annealing  and  Reirradiation  Treatments 

J.  R.  Hawthorne,  H.  E.  Watson,  and  F.  J.  Loss 
Background 

The  IAR  Program  is  investigating  the  notch  ductility  behavior  of  sub¬ 
merged  arc  weld  deposits  with  irradiation  (I)  followed  by  two  full  cycles  of 
postirradiation  annealing  (A)  and  reirradiation  (R).  The  intent  of  the  program  is 
to  identify  the  merits  and  potential  of  the  method  for  control  of  radiation- 
induced  embrittlement  in  reactor  pressure  vessels. 

In  a  previous  progress  report  [4] ,  the  background  and  objectives  of  the 
program  were  outlined.  The  planned  experimental  test  matrix  (Table  4)  was  also 
discussed  together  with  a  description  of  the  materials  selected  for  study  (Table 
5).  Findings  from  Experiments  1  and  2  on  IA,  IAR  and  IARA  trends  have  been 
reported  [5] .  In  brief,  the  results  of  these  experiments  revealed  that  a  343°C 
(650°F)  intermediate  heat  treatment  may  not  be  a  practical  method  for  the 
control  of  radiation  embrittlement  in  reactor  vessels  because  of  the  high 
frequency  of  annealing  which  would  be  required.  A  399°C  (750°f)  heat 
treatment,  on  the  other  hand,  showed  definite  promise  for  the  control  of 
radiation  effects  buildup  in  vessels.  That  is,  both  welds  showed  better  notch 
ductility  after  399°C  annealing  and  reirradiation  than  after  the  first  cycle  of 
radiation  exposure  (see  Figs.  6  and  7).  Based  on  this  finding,  399°C  (750t)F)-168 
hr  annealing  conditions  were  selected  for  investigation  in  Experiments  3  and  4 
(Table  4)..  In  addition,  the  target  reirradiation  fluence  was  selected  to  be  ^0.6  x 
1018  n/cn/  >1  MeV. 

Reactor  irradiation  operations  for  Experiments  3  and  4  have  now  been 
completed.  Postirradiation  Charpy-V  tests  to  evaluate  IARAR  performance  (two 
complete  intermediate  annealing  and  reirradiation  treatments)  have  also  been 
completed  and  are  reported  here. 

Progress 

Charpy-V  (C  )  notch  ductility  determinations  for  the  IARAR  condition  of 
welds  V86  and  V84  are  shown  in  Figs.  8  and  9  respectively.  Weld  properties  after 
the  initial  radiation  exposure  (curve  I)  and  after  the  second  intermediate  399°C 
(750°F)-168  hr  annealing  treatment  (curve  IARA)  are  also  shown  for  reference. 
Neutron  dosimetry  results  are  not  yet  available;  however,  the  fluences  received 
during  the  first  radiation  cycle  (D  and  by  the  second  and  third  (repeat)  irradiation 
cycles  (R)  are  estimated  at  L2,  0.7,  and  0.7  x  10 13  n/enr  (>  1  MeV)  respectively. 
Accordingly,  the  total  fluence  received  by  the  IARAR  condition  is  estimated  at 
2.6  x  10I8n/cm  . 


Several  important  observations  are  permitted  by  the  new  data.  First,  the 
results  clearly  demonstrate  the  benefits  of  intermediate  399°C  (750°F)  annealing 
and  that  the  benefits  can  be  retained  through  two  cycles  of  reirradiation. 
Specifically,  the  upper  shelf  level  of  the  IARAR  condition  is  significantly  higher, 
in  each  case,  than  that  of  the  I  condition  of  the  weld.  At  the  same  time,  the  C 


TABLE  4 


Radiation  Experiment  Matrix 
288°C  (550°F)  Irradiation 


Experiment 

Number 

Specimen 

Types 

Designation 

Objective 

1 

Cv 

IA 

Explore  recovery  bv  343  and 
399°C  (650  and  75(TC) 
annealing 

2 

Cv 

IAR 

Explore  reirradiation 
response  of  all  three 
materials 

3 

CT,Cy 

I 

through 

IARAR 

Determine  IARAR  perform¬ 
ance  of  Weld  1 

4 

CT,Cy 

I 

through 

IARAR 

Determine  IARAR  perform¬ 
ance  of  Weld  2 

15 


IRRADIATED  288C(550F) 
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Fig.  8  Char  py-V  notch  ductility  of  weld  V86  after  two  cycles  of  inter¬ 

mediate  399°C  (750°FM68  hr  annealii*  and  288°C  (5S0°F)  reirradiation.  The 
dashed  curves  labeled  (1)  and  (IARA)  represent  the  first  cycle  irradiation  and 
second  cycle  annealed  conditions  respectively.  A  significant  benefit  of  cyclic 
irradiation  and  annealing  to  notch  ductility  retention  is  indicated. 


41 J  transition  temperature  for  the  IARAR  condition  is  significantly  lower  than 
that  of  the  I  condition.  Second,  the  results  confirm  the  earlier  observation  (5)  for 
the  IAR  condition  that  the  rate  of  reembrittlement  of  annealed  material  is 
higher  than  that  of  nort-annealed  material  for  the  same  increment  of  additional 
fluence.  Third,  the  upper  shelf  reduction  and  transition  temperature  elevation 
experienced  by  the  welds  during  the  third  cycle  of  irradiation  appear  to  be  about 
the  same  as  those  changes  observed  for  the  second  cycle  of  irradiation  (compare 
IARAR  and  IAR  conditions  of  Figs.  8  and  6  and  of  Figs.  9  and  7).  If  additional 
data  confirm  this  tentative  indication,  it  would  appear  that  notch  ductility 
changes  can  be  maintained  below  prefixed  limits  by  carefully  selected  annealing 
schedules  for  individual  materials.  Moreover,  the  results  indicate  a  good 
possibility  for  optimizing  annealing  schedules  once  the  effectiveness  of  399°C 
(750°F)  annealing,  in  terms  of  residual  embrittlement  after  an  anneal,  and  the 
material  reembrittlement  rate  is  established.  The  acquisition  of  further  insight 
into  such  factors  is  an  important  objective  of  the  continuing  IAR  Program. 

Status  and  Future  Plans 

A  report  providing  a  complete  review  and  summary  of  the  Phase  1  C 
investigations  by  the  IAR  Program  is  in  preparation.  The  report  will  include 
information  on  hardness  and  lateral  expansion  trends  observed  for  the  welds 
during  cyclic  annealing  and  reirradiation  as  well  as  energy  trend  information. 
Tests  of  the  compact  toughness  (CT)  specimens  included  in  experiments  3  and  4 
have  commenced;  discussion  of  observations  thus  far  are  reported  in  a  sub¬ 
sequent  section. 

•  Phase  2  investigations  have  also  commenced  with  the  procurement  of 
additional  weld  metal  stock  comparable  to  welds  V86  and  V84.  Phase  2 
objectives  include  but  are  not  limited  to  determinations  of  notch  ductility  trends 
as  functions  of  first  and  second  cycle  fluence  levels,  reembrittlement  rate  as  a 
function  of  fluence,  and  time-temperature  relationships  in  recovery.  Phase  2 
studies  also  will  continue  the  present  investigation  on  the  correlation  of  notch 
ductility  and  fracture  toughness  for  irradiated,  annealed  and  reirradiated  condi¬ 
tions. 
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H.  FRACTURE  MECHANICS  INVESTIGATIONS 


A.  J-R  Curve  Characterization  of  Irradiated  Submerged  Arc  Weld  Deposit 

F.  J.  Loss,  B.  H.  Menke,  R.  A.  Gray,  Jr.,  J.  R.  Hawthorne,  and  H.  E. 

Watson 

Background 

An  integral  part  of  the  IAR  program  described  in  the  preceding  section 
involves  the  development  of  J-R  curve  trends  for  the  two  submerged  arc  weld 
deposits  listed  in  Table  5.  This  study  employs  compact  (CT)  specimens  of  25.4 
mm  (1  in.)  thickness  to  characterize  the  toughness  changes  with  irradiation. 
Two  full  cycles  of  annealing  and  reirradiation  are  being  investigated  as  a 
counterpart  to  the  C  investigations.  The  primary  objective  is  to  define  the 
and  R  curve  behavior  in  the  upper  shelf  temperature  regime.  Here, 
correspondence  is  being  developed  between  changes  in  the  J-R  curve  and  in  C 
upper  shelf  energy  as  a  function  of  irradiation  and  annealing.  If  successful,  this 
relationship  will  provide  added  quantitativeness  to  surveillance  programs  which 
may  involve  only  C  specimens.  As  a  secondary  objective,  an  estimate  of  the 
temperature  elevation  of  the  brittle/ductile  transition  region  with  irradiation  is 
being  made  on  the  basis  of  only  a  few  J.  tests.  This  temperature  elevation, 
based  on  static  tests,  will  be  compared  with  a  similar  change  based  upon  the 
(dynamic)  Cy  tests. 

The  J-R  curves  are  measured  by  means  of  the  single  specimen  compliance 
(SSC)  technique  using  1T-CT  specimens  which  have  been  fatigue  precracked  to  a 
crack  length,  a,  to  width,  W,  ratio  of  0.6.  A  large  part  of  the  program  has 
centered  on  the  development  of  procedures  to  assure  adequate  definition  of 
crack  extension,  A  a,  using  this  technique  as  well  as  to  develop  methods  for  the 
hot-cell  testing  of  irradiated  specimens.  In  addition,  a  related  study  on 
specimen  side  groove  depth  was  undertaken  to  characterize  the  influence  of 
this  variable  on  crack-front  straightness  and  the  resulting  effect  on  R-curve 
slope. 


Progress  to  date  has  included  the  successful  implementation  of  the  SSC 
technique  for  irradiated  specimen  testing.  In  addition,  characterization  of 
specimens  from  one  A533-B  weld  deposit,  Code  V86,  in  the  I,  IAR,  and  IARAR 
conditions  has  been  completed.  These  results  represent  the  first  application  of 
the  SSC  technique  to  irradiated  material. 

Experimental  Procedure 

With  the  SSC  technique  it  is  necessary  to  achieve  a  partial  unloading  of 
the  specimen  (e.g.,  10  percent)  such  that  the  unload-reload  records  of  load,  P, 
versus  deflection,  6, enable  the  specimen  compliance  6/P  to  be  defined. 
Examples  of  the  procedure  are  illustrated  in  Figs.  10  and  1L  The  standard  1T-CT 
specimen  geometry  has  been  modified  (Fig.  12)  to  permit  the  attachment  of 
razor  knife  edges  for  the  measurement  of  load-line  displacement  with  a  clip 
gage.  An  experimental  compliance  for  both  smooth  and  25  percent  side-grooved 
specimens  has  been  developed  with  1T-CT  specimens  (Fig.  13).  With  this 
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DEFLECTION  (mm) 


DEFLECTION  (mils) 

i  Example  of  load  vs  load-line  deflection  record  from  the  test  of  a  1T- 
ecimen  in  the  irradiated  condition.  A  levelling  of  the  curve  is  indicated 
ior  to  unstable  fracture. 


DEFLECTION  (mm) 


m  avoi 


U  Highly  amplified  unload-reload  traces  of  the  irradiated  test  ill  us¬ 
ed  in- Fig.  10.  Note  the  absence  of  hysteresis.  Also  shown  is  an  example  of 
material  relaxation  behavior  (upper  left)  for  unloading  No.  1$. 


compact  specimen  geometry  for  an  a/W  of  0.6.  A  precrack  of  2.5 
is  added  prior  to  testing.  All  dimensions  are  in  inches  (in.  x  25.4 


COMPLIANCE 


EXPERIMENTAL 
251  SG  — 
SMOOTH  -v 


HUDAK-SAXENA 


Fig.  13.  Comparison  of  the  CT  specimen  compliance  derived  analytically 
using  a  plane  stress  assumption  (Hudak-Saxena)  with  that  measured  experi¬ 
mentally  with  blunt-notch  specimens  (smooth).  The  two  curves  have  been 
"matched"  at  an  a/W  of  0.5.  Also  illustrated  is  the  experimental  compliance  for 
specimens  having  25%  side  grooves  (25%  SG). 
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relationship  crack  length  changes  can  be  inferred  from  the  measured  changes  in 
specimen  compliance.  Note  that  the  experimental  compliance  for  smooth 
specimens  shown  in  Fig.  13  differs  only  slightly  from  the  theoretical  expression 
of  Hudak  and  others  [6]  based  upon  a  plane  stress  assumption. 

Successful  application  of  the  SSC  technique  relies  upon  accurate  crack 
length  predictions.  This,  in  turn,  requires  the  minimization  of  both  friction  and 
electronic  noise  so  that  the  specimen  compliance  can  be  established  with 
precision.  The  experimental  record  of  Fig.  11  is  typical  of  a  highly  amplified 
unload/reload  test  sequence  to  determine  compliance  changes.  From  a  repeat¬ 
ability  viewpoint,  the  initial  four  unloadings  in  this  record  are  sufficiently 
accurate  to  define  the  crack  length  to  a  precision  of  +  0.05  mm  (2  mils)  in  a  1T- 
CT  specimen  with  a  95  percent  confidence  limit.  However,  repeatability  is  not 
to  be  confused  with  a  curacy.  The  latter  is  difficult  to  define  exactly  because 
of  its  dependence  on  the  compounding  of  errors  due  to  load  cell  and  clip  gage 
calibration  factors,  modulus  determination,  validity  of  the  compliance  expres¬ 
sion  and  variations  caused  by  the  electronic  noise  level.  Nevertheless,  our 
development  of  the  SSC  method  has  resulted  in  test  records  which  exhibit  a 
scatter  of  only  +  0.08  mm  (+3  mils)  in  the  predicted  crack  length  in  a  1T-CT 
specimen.  As  attest  of  this  predictive  capability  a  correspondence  between  the 
predicted  and  the  optically-measured  final  crack  lengths,  when  these  crack 
fronts  are  straight,  is  typically  within  +0.13  mm  (+5  mils)  (see  Table  6).  On  the 
other  hand,  larger  discrepancies  between  predicted  and  measured  crack  exten¬ 
sions  have  been  detected  for  smooth  specimens  having  curved  or  tunneled  crack 
fronts;  the  same  is  true  of  specimens  which  have  been  machined  from  an  A302- 
B  steel  plate  having  a  high  non-metallic  inclusion  content  [7]  even  though 
straight  crack  fronts  were  exhibited. 

The  magnitude  of  J  is  computed  from  the  relationship: 


where  A  is  the  specimen  energy  absorbed  based  on  total  deflection,  b  is  the 
original  unbroken*  ligament,  B  is  the  net  thickness  and  the  term  (1  +  a)/?l  +  Q2) 
is  a  modified  Merkle-Corten  correction  to  account  for  the  tension  component  of 
the  loading  [8] .  A  correction  [7]  is  also  applied  to  account  for  minor  specimen 
rotation  which  occurs  during  loading.  This  rotation  reduces  the  moment  arm  of 
the  load  and  also  results  in  a  deviation  of  the  clip  gage  loading  points  from  the 
true  load  line.  A  computer  is  used  to  provide  on-line  determinations  of  J  and 
crack  extension,  Aa.  The  computer  code  was  originally  developed  by  Joyce  and 
Gudas  [9] . 

*c  Measurement  Procedure 

Figure  14  illustrates  a  typical  J-R  curve  for  the  weld  metal  (Code  V86)  at 
a  temperature  within  the  upper  shelf  regime.  The  J.  value  is  currently  defined 
by  the  proposed  ASTM  multispecimen  standard  [10ras  the  intersection  of  the 
blunting  line  ( A  a  =  J/2  a.)  with  the  least-squares  fit  of  the  points  lying  between 
lines  1  and  2  illustrated  ih  the  figure.  Line  No.  1  is  drawn  parallel  to  the  blunting 
line  at  a  crack  extension  of  0.15  mm.  This  is  termed  an  "exclusion  line"  and  is 
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1.5 


DELTA  o  (m) 


believed  to  be  an  indicator  of  the  first  real  crack  extension.  In  other  words,  any 
crack  extension  less  than  the  exclusion  line  may  be  difficult  to  distinguish  from 
blunting.  The  0.15  mm  exclusion  line  criterion  is  also  within  the  projected 
accuracy  of  the  SSC  technique  as  applied  to  1T-CT  specimens;  however,  this 
accuracy  will  be  more  difficult  to  obtain  with  larger  specimens. 

For  two  reasons  an  alternative  definition  of  J-  to  that  of  Reference  10  is 
proposed  here.  First,  the  R  curve  for  nuclear  presstfre  vessel  steels  appears  to 
exhibit  a  power  law  behavior  for  which  a  J.  measurement  procedure  based 
upon  a  least  squares  fit  of  the  data  may  be  inappropriate.  Second,  in  cases  of 
cleavage  failure  (Fig.  15)  the  maximum  crack  extension  can  exceed  that  due  to 
blunting  by  only  a  small  amount.  For  this  situation  insufficient  data  points  may 
exist  so  as  to  preclude  a  least  squares  fit.  For  these  reasons  an  alternative 
definition  of  J.  is  proposed:  J.  will  be  defined  here  as  the  J-level  correspond¬ 
ing  to  the  intersection  of  the  0.15  mm  exclusion  line  with  a  smooth  curve 
through  the  SSC  data  points,  as  illustrated  in  Fig.  14.  A  smooth  curve  through 
the  data  is  felt  to  be  an  accurate  representation  of  the  nonlinear  characteristic 
of  the  R  curve.  For  the  case  of  specimen  failure  at  a  crack  extension  less  than 
that  defined  by  the  exclusion  line  (e.g.,  some  types  of  cleavage  failure)  J. 
would  be  computed  at  the  level  of  failure.  10 


The  advantage  of  the  alternative  method  for  J.  is  that  it  will  define  the 
same  value  of  J,  irrespective  of  how  little  crack  extension  is  developed  beyond 
the  exclusion  line  prior  to  cleavage  failure.  Secondly,  the  method  deals  with 
the  nonlinear  R  curve  so  as  not  to  force  a  straight  line  fit  to  the  data  points  for 
purposes  of  J.c  measurement.  Note,  however,  that  both  the  alternative  method 
and  the  propoted  ASTM  method  can  yield  comparable  values  of  J.  for  a  large 
crack  extension  as  illustrated  in  Fig.  14.  Thus,  it  is  felt  tnat  the  two 
measurement  procedures  for  Jjc  are  not  incompatible. 

Figure  15  illustrates  the  R  curve  for  an  A533-B  steel  specimen  which 
exhibited  a  small  crack  extension  beyond  the  0.15  mm  exclusion  line  before 
failure  in  the  cleavage  mode.  This  expanded  plot  highlights  the  +0.08  mm  (+3 
mil)  scatter  which  can  be  produced  with  1T-CT  specimens.  (This  figure  is  typical 
of  the  largest  scatter  which  has  been  observed  with  the  current  experimental 
technique).  For  this  case,  J.  is  given  as  214  kJ/nri  (1225  lb/in.)  by  the 
alternative  procedure.  Since  the  crack  extension  is  less  than  twice  the 
extension  to  the  blunting  line,  the  proposed  ASTM  procedure  would  define,  J.  at 
the  level  of  fracture.  The  latter  corresponds  to  a  value  of  308  kJ/mz  «765 
lb/in.)  which  is  44  percent  greater  than  that  given  by  the  alternative  definition. 


Note  that  the  R  curve  of  Fig.  15  exhibits  a  sharp  change  in  slope  prior  to 
cleavage.  This  is  not  a  result  of  data  scatter  and  has  been  observed  with  other 
specimens  cut  from  A533-B  steel  plate.  Possibly  this  is  a  new  phenomenon 
associated  with  a  "hardening"  of  the  steel  prior  to  cleavage  fracture;  this 
behavior  is  illustrated  by  the  flattening  of  the  load  versus  deflection  trace  just 
prior  to  failure  (Fig.  10).  For  a  similar-type  behavior  but  at  a  somewhat  greater 
crack  extension,  the  proposed  ASTM  procedure  requires  a  least  squares  fit  of 


i  data  in  order  to  define  J.  .  The  hardening  phenomenon  observed  for 
avage  failure  would  appear  to  make  such  a  least  squares  fit  inappropriate. 
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Preirradiation  CT  Specimen  Evaluation 


Figure  16  illustrates  the  specimen-to-specimen  variability  in  the  R  curves 
exhibited  by  the  submerged  arc  weld  deposit  (Code  V86).  Both  specimens  were 
side  grooved  by  20  percent  and  tested  at  different  temperatures  in  the  upper 
shelf  temperature  region  as  defined  by  the  C  test  (Fig.  6).  These  R  curves 
reflect  a  36  percent  variation  in  tearing  modulus  T,  from  74  to  106,  and  a  14 
percent  variation  in  J.  .  For  purposes  of  comparison,  T  is  defined  here  in  terms 
of  a  least  squares  fircof  the  data  between  the  two  dashed  lines  in  the  figure; 
this  corresponds  with  the  region  of  crack  extension  included  in  the  ASTM 
proposed  multispecimen  standard  for  Jjc< 

The  R  curves  for  specimens  having  0  and  10  percent  side  grooves  are 
compared  with  preceding  data  in  Fig.  17.  Note  that  0  and  10  percent  side 
grooves  have  resulted  in  identical  R  curves  which  lie  within  the  upper 
scatterband  of  the  specimens  having  20  percent  side  grooves.  Figure  18 
illustrates  the  crack  front  curvature  in  specimens  having  0,  10,  and  20  percent 
side  grooves.  The  specimens  with  either  the  0  or  10  percent  side  grooves  exhibit 
crack-front  tunneling  whereas  the  20  percent  grooves  appear  to  have  over- 
corrected  this  situation  by  causing  some  reverse  tunneling.  The  R  curves  in 
Fig.  17  suggest  that  the  specimens  with  straight  crack  fronts  will  exhibit  a 
lesser  R  curve  slope  than  specimens  having  a  tunneled  crack  extension. 


Figure  19  compares  the  crack  front  curvature  of  a  specimen  cut  from  the 
submerged  arc  weld  deposit  (Code  V86)  with  one  cut  from  an  A533-B  plate. 
While  the  20  percent  side  grooves  have  overcorrected  the  curvature  for  the 
weld  deposit,  this  groove  depth  is  insufficient  to  completely  straighten  the 
crack  front  in  the  plate  material.  This  comparison  suggests  that  the  depth  of 
side  grooves  required  to  produce  a  straight  crack  front  will  vary  between 
product  forms. 


Figure  20  illustrates  the  toughness  variation  of  the  weld  deposit  as  a 
function  of  temperature.  The  plot  is  presented  in  terms  of  K,  ,  where  this 
quantity  is  computed  from  the  relationship:  dC 

_  _  1/2 


(2) 


where  E  and  v  are  Youngs  modulus  and  Poisson's  ratio  respectively.  An  upper 
shelf  toughness  of  170  MPa  /in  (155  ksi  An.)  is  indicated  for  this  material.  Note 
that  little  difference  in  the  K.  values  at  a  temperature  of  200°C  is  exhibited 
among  specimens  having  0, 10  ana  20  percent  side  grooves. 


We  have  chosen  to  interpret  K.  as  the  value  of  K.  which  would  have 
been  obtained  from  a  larger  specimen6  meeting  the  ASTMe-399  size  require¬ 
ments.  However,  the  degree  of  correspondence  between  K.  and  K.  is  a  topic 
of  research.  It  should  be  noted  that  can  be  lowercthan  aJCK.  value 
measured  directly.  The  latter  arises  from  me  ASTM  definition  of  K.  which  has 
a  built-in  size  effect  relating  to  the  2  percent  effective  crack  extension  which 
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Fig.  16  R  curves  exhibited  by  an  A533-B  submerged  arc  weld  deposit  at  two 
temperatures  in  the  upper  shelf  regime. 
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Fig.  19  The  variable  effect  of  20%  side  grooves  on  crack  front  shape  is 
illustrated  for  1T-CT  specimens  cut  from  A533-B  submerged  arc  weld  deposit 
(left)  and  A533-B  steel  plate  (right).  The  influence  of  side  grooves  in 
straightening  the  crack  front  appears  to  be  alloy  dependent. 


is  permitted  in  E-399.  Clearly,  crack  extensions  of  this  magnitude  in  large-size 
specimens  could  result  in  K.  values  considerably  in  excess  of  a  K,  level  based 
on  a  fixed  crack  extension  beyond  the  blunting  line  such  as  0.15  mm; 

CT  Specimen  Evaluation  of  Irradiated  Weld  Depsoit 

Irradiated  specimens  of  the  weld  deposit  (Code  V86)  have  been  investi¬ 
gated  in  the  I,  IAR  and  IARAR  conditions.  The  fluences  and  annealing 
conditions  are  identical  to  those  of  the  C  specimens  described  in  the  preceding 
section.  The  majority  of  the  tests  have  vbeen  conducted  at  a  temperature  of 
200°C  (392°F)  which  corresponds  to  the  C  upper  shelf  regime  for  both  the 
irradiated  and  unirradiated  material  (Fig.  6).v  The  results  of  all  tests  are  listed 
in  Table  6. 

Figure  21  compares  the  J-R  curves  of  the  unirradiated  material  (Fig.  16) 
with  those  from  two  irradiated  specimens  in  the  I  condition.  Both  irradiated 
tests  define  a  J.  value  of  65  kJ/nn  (373  lb/in.)  which  is  half  of  the  unirradiated 
value.  The  corresponding  K,  of  the  irradiated  material  is  119  MPa  (108 
ksi  An.).  The  tearing  modulus  of  the  irradiated  tests  in  Fig.  21  is  approximately 
30  as  defined  by  a  least  squares  fit  through  the  data  as  previously  discussed. 
This  value  of  T  is  only  one-third  of  the  average  value  shown  by  the  unirradiated 
material  having  20  percent  side  grooves.  Since  the  R  curve  exhibits  a  nonlinear 
behavior,  the  value  of  T  decreases  with  crack  extension.  For  example,  at  a 
crack  extension  corresponding  to  the  dashed  line  (No.  1),  the  value  of  T  is 
approximately  18. 

A  comparison  has  been  made  of  the  crack-front  curvature  exhibited  by 
irradiated  specimens  (I  condition)  having  0,  10,  and  20  percent  side  grooves. 
(The  corresponding  R  curves  are  shown  in  Fig.  22.)  As  contrasted  to  the 
unirradiated  case,  the  specimen  with  10  percent  side  grooves  exhibited  a 
straight  crack  front  as  did  the  specimen  having  20  percent  side  grooves.  Thus  it 
appears  that  the  increased  flow  stress  of  the  irradiated  material  may  have 
permitted  the  use  of  a  smaller  percentage  side  grooves.  Unfortunately,  this 
conclusion  cannot  be  generalized  in  that  10  percent  side  grooves  resulted  in  a 
deeply  tunneled  crack  front  in  an  irradiated  A533-B  specimen  tested  in  another 
program.  However,  20  to  25  percent  side  grooves  have  produced  a  straight 
crack  front  in  all  cases  thus  far. 

In  Fig.  22,  the  R  curve  for  the  specimen  without  side  grooves  is  above  the 
data  band  formed  by  the  specimens  having  10  and  20  percent  side  grooves.  This 
behavior  is  consistent  with  that  of  the  unirradiated  tests  (Fig.  17)  and  suggests 
that  the  R-curve  slope  is  proportional  to  the  degree  of  crack-front  tunneling;  a 
lower  bound  R  curve  appears  to  be  exhibited  by  specimens  having  a  straight 
crack  front  even  though  various  side-groove  depths  were  employed  to  achieve 
this  behavior. 


The  J-R  curve  trends  from  IAR  and  IARAR  specimens  tested  in  the  upper 
shelf  temperature  regime  are  illustrated  in  Fig.  23.  The  results  show  that  J.  of 
the  reirradiated  material  is  the  same  or  slightly  better  than  that  of  me  I 
condition.  On  balance  the  R  curves  of  the  IAR  and  IARAR  specimens  are  also 
slightly  higher  than  those  of  the  I-condition  specimens.  These  results  are 
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Fig.  22  Comparison  of  R  curves  for  irradiated  specimens  (I  condition)  having 
0, 10  and  20%  side  grooves. 
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consistent  with  the  small  improvement  in  C  upper  shelf  energy  previously 
illustrated  for  these  irradiation  conditions  (Figs.  6  and  8). 

In  terms  of  K,  ,  Fig.  20  compares  the  toughness  of  specimens  in  the  I, 
IAR  and  IARAR  conditions.  For  the  specimen  with  20  percent  side  grooves,  the 
toughness  in  the  IAR  and  IARAR  conditions  shows  a  slight  improvement  over 
that  defined  by  the  I  condition.  On  balance,  however,  little  variation  is  shown 
between  the  irradiated  and  reirradiated  conditions.  These  results  are  consistent 
with  those  of  the  C  tests.  Therefore,  it  is  concluded  that  annealing  has  been 
successful  in  mitigating  the  embrittlement  which  would  have  resulted  in  a 
material  having  accumulated  a  total  fluence  of  the  IAR  and  IARAR  condition 
without  the  benefit  of  intermediate  anneals. 


A  single  specimen  from  the  IARAR  condition  has  been  tested  to  a 
temperature  within  the  transition  region.  As  expected,  the  R  curve  for  this 
specimen  exhibited  very  little  crack  extension  prior  to  cleavage  failure  and  J. 
was  taken  as  the  value  at  failure.  This  result,  plotted  in  Fig.  20,  is  to  Hi 
compared  with  the  estimated  trend  for  irradiated  material  (dashed  curve).  The 
latter  was  obtained  by  elevating  the  transition  curve  for  the  unirradiated 
material  by  a  temperature  increment  equivalent  to  the  shift  in  the  C  curves  at 
the  4U  energy  level  (Fig.  8).  It  can  be  seen  that  the  position  of  the 
experimental  result  in  Fig.  23  is  consistent  with  that  projected  from  the  C 
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Background 

For  the  past  two  years,  the  cyclic  crack  growth  rate  program  at  NRL  has 
followed  a  preliminary  matrix  test  plan  prepared  by  NRC  and  NRL.  The  plan 
was  designed  to  evaluate,  for  a  single  material  (A508  steel),  the  effect  of  ramp 
time  (1  sec-30  min)  hold  time  (1  min-60  min)  and  temperature  (93  and  288°C)  on 
crack  growth  rate,  with  the  objective  of  determining  the  most  aggressive  test 
conditions  for  subsequent  tests.  These  tests,  carried  out  at  a  load  ratio  of  0.2 
and  in  pressurized,  deoxygenated  reactor  grade  water  [1000  ppm  boron,  1  ppm 
lithium,  i.e.,  presumed  water  reactor  (PWR)  conditions],  were  designed  to 
simulate  heatup,  cooldown,  and  hydro-leak-test  conditions.  This  period  was  also 
used  to  develop  and  improve  test  facilities  as  well  as  to  refine  methods  of  data 
acquisition  and  reduction.  This  effort  has  been  coordinated  with  the  Westing- 
house  Nuclear  Power  Systems  Division  [11-17] . 

In  December  1978  it  was  determined  that  the  objectives  of  the  preliminary 
matrix  had  been  met.  Building  on  these  results,  the  main  matrix  has  been 
developed  which  includes  a  variety  of  pressure  vessel  materials  including  plate, 
forging,  and  weld/flux  combinations.  As  with  the  preliminary  matrix,  these 
testing  responsibilities  will  be  shared  with  Westinghouse.  The  administration  of 
the  program  will  be  carried  out  by  NRL.  Table  7  indicates  the  materials, 
waveforms  and  load  ratios  selected  as  elements  of  this  test  plan.  Load  ratios  of 
0.2  and  0.7  have  been  chosen  for  the  initial  tests  in  order  to  yield  data  at  these 
extremes;  tests  at  the  intermediate  value  of  0.5  will  follow  if  necessary.  A 
program  of  tests  on  irradiated  steels  will  also  be  carried  out  as  part  of  the  main 
matrix.  The  elements  of  this  test  plan  are  listed  in  Table  8.  Additionally,  NRL 
has  assumed  responsibility  for  evaluation  of  the  effect  of  the  main  matrix  test 
parameters  on  a  variety  of  piping  materials  including  welds.  This  program  was 
initiated  in  March  1979. 


Preliminary  Matrix  Results 

The  results  of  tests  selected  from  the  preliminary  matrix  plan,  together 
with  supporting  tests,  are  shown  in  Figs.  24-27.  Figures  24  through  26  are 
paired  according  to  certain  characteristics  of  the  waveforms  and  the  lower 
temperature  (93'>C)  results  are  on  the  left  and  the  higher  temperature  (288°C) 
results  are  on  the  right.  There  are  three  factors  which  strongly  influence  the 
crack  growth  rates  in  A508-2  in  the  reactor  grade  water  environment;  these  are 
the  prime  variables  of  the  preliminary  matrix  scheme:  rise  time,  hold  time  and 
temperature.  An  interrelationship  among  the  three  determines  the  particular 
crack  growth  rate;  it  is  impossible  to  isolate  one  variable  without  fixing  the 
other  two. 
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Table  7  Main  Teat  Matrix  (Unirradiated  Materials) 
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temperature  tests  do  not  exhibit  high  growth  rates,  possible 
formation  of  an  oxide  layer  prevented  significant  hydrogen  entry. 
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Pig.  27  Fatigue  crack  growth  rate  data  vs  applied  cyclic  stress  intensity  for 
a  teat  with  a  17  mHz  (1  epm)  sine  waveform.  These  data,  the  only  test  to  exhibit 
a  high  growth  rate  at  a  high  temperature,  suggest  that  there  is  a  ramp  time  of 
approximately  30  sec  during  which  the  hydrogen  can  gain  entry  and  result  in 
increased  crack  growth  rates. 


An  examination  of  all  the  data  sets  produced  under  the  guidelines  of  the 
preliminary  matrix,  together  with  other  tests  run  under  similar  environmental 
conditions  but  utilizing  non-matrix  waveforms,  indicates  that  each  data  set 
falls  into  one  of  two  rather  clearly  defined  categories.  One  band  of  data  lies 
close  to,  or  essentially  on,  the  ASME  Section  XI  Code  air  environment  default 
line.  This  class  of  data,  exhibiting  the  lower  of  the  two  crack  growth  rates, 
will  be  called  "low."  The  other  band  of  data,  which  resides  a  factor  of  three  to 
five  above  the  first,  will  be  termed  "high."  This  latter  band  of  data  resides 
approximately  midway  between  the  Section  XI  air  and  water  environment 
default  lines. 

Figure  24,  showing  data  from  tests  with  a  fast  (1  sec)  ramp  time,  and  Fig. 
25,  showing  data  from  tests  with  a  longer  (>1  min)  ramp  time  indicate  that 
combinations  of  long  ramp  times  and  low  temperature  (93°C)  result  in  growth 
rates  belonging  in  the  "high"  category.  Regarding  the  high  temperature 
(2880,  it  is  impossible  to  determine,  from  Figs.  24  and  25,  whether  the 
longer  ramp,  or  the  hold  time  are  solely  responsible  for  the  low  crack  growth 
rate  results.  Figure  26  shows  the  results  of  tests  involving  1  min  ramp  times, 
and  no  hold  time,  and  the  results  for  high  temperature  are  in  the  low  category. 
Thus,  it  is  clear  that  a  hold  time  is  not  required  to  produce  low  growth  rate 
data  at  the  higher  temperature.  On  the  other  hand,  at  the  lower  temperature, 
a  ramp  time  component  is  sufficient  to  produce  a  high  growth  rate,  and 
comparison  with  Fig.  12  shows  that  a  hold  time  component  does  not 
additionally  aggravate  the  growth  rate.  Lastly,  Fig.  27  shows  the  results  of  a 
17  mHz  (1  cpm)  sine  wave  test  which  produced  data  in  the  high  growth  rate 
category.  If  the  sine  waveform  is  interpreted  as  an  increasing  ramp  of 
approximately  30  sec  duration,  then  this  implies  that  there  is  a  maximum 
crack  growth  rate  dependence  on  ramp  time  which  lies  between  1  and  60  sec;  a 
ramp  time  of  30  sec  yields  a  higher  crack  growth  rate  than  ramp  times  of  1  or 
60  sec. 

At  the  close  of  this  quarterly  reporting  period,  confirmation  of  this  be¬ 
havior  was  being  sought  through  a  series  of  additional  tests  involving  ramp 
times  of  about  20  to  30  sec,  with  and  without  hold  times.  The  fact  that  17 
mHz  sine  waveforms  yield  high  growth  rate  data  is  incontrovertible,  and  the 
realization  of  these  same  crack  growth  rates  for  a  linear  ramp  test  is  possible 
by  simply  choosing  the  appropriate  ramp  rate. 

A  primary  objective  of  the  prliminary  matrix  was  to  determine  if  any 
conditions  could  be  found  which  would  produce  data  which  exceeded  the  ASME 
Section  XI  water  default  line.  A  very  limited  amount  of  data  had  been 
previously  published  [4J  showing  that  a  17  mHz  sinewave  and  a  load  ratio  of 
0.2  would  just  marginally  exceed  this  limit,  but  a  much  larger  amount  of  data 
for  R  =  0.6  [8]  and  0.7  [4]  shows  that  the  limit  would  be  exceeded  over  a 
significant  range  of  cyclic  stress  intensity.  However,  consideration  of  the 
NRL  preliminary  matrix  data  indicates  that  the  ASME  Section  XI  water 
default  line  is  not  exceeded  for  these  load  ratios  (0.2),  temperature  (93, 
288°C),  and  waveform  (ramp/hold,  sinewave)  conditions. 

Hydrogen  Assisted  Crack  Growth  Model  and  Fractographic  Results 

As  these  results  have  begun  to  cohere,  a  model  for  hydrogen  assisted 
crack  growth  has  evolved  to  help  understand  and  interpret  these  results.  As 


with  most  models  for  hydrogen  embrittlement  in  aqueous  media,  hydrogen  is 
generated  by  a  cathodic  reaction  at  the  crack  tip.  This  occurs  only  during  rise 
time  of  the  fatigue  cycles  as  fresh  metal  surface  at  the  crack  tip  is  exposed. 
Hydrogen  generated  during  this  hydrolysis  can  enter  the  metal  and  diffuse  to 
the  region  of  high  triaxial  strain  just  ahead  of  the  crack  tip,  producing  a  local 
embrittlement  and  resulting  in  an  accelerated  crack  growth  rate.  However, 
this  effect  may  be  countered  by  other  considerations.  For  example,  anodic 
dissolution  may  induce  an  increase  in  crack  growth  rate  [19] ,  or  it  can  create 
the  opposite  effect,  namely,  blunting  and  crack  growth  retardation  [20-22] .  At 
higher  temperatures,  the  formation  of  a  stable  oxide  inhibits  entry  of  hydrogen 
at  the  crack  tip  provided  that  the  ramp  time  is  long  enough  to  allow  this  [22] . 
On  the  other  hand,  a  very  short  ramp  time  allows  neither  the  hydrogen  entry, 
nor  the  oxide  formation,  and  hydrogen-assisted  growth  is  not  expected. 

With  some  refinements,  the  above  model  can  be  employed  to  understand 
the  crack  growth  behavior  observed.  For  the  fast  ramp  time  tests,  growth  rates 
are  low  because  the  hydrogen  cannot  be  evolved,  absorbed  and  admitted  to  the 
matrix  in  the  quantities  necessary  for  measurable  assistance  to  the  crack 
0/owth  rates.  For  the  longer  ramp  times,  and  at  the  lower  temperatures,  the 
hydrogen  can  be  formed  at  the  crack  tip  and  can  diffuse  into  the  plastic 
enclave.  The  temperature  is  low  enough  that  an  oxide  layer  either  cannot  be 
formed  fast  enough,  or  the  layer,  if  formed,  is  porous  enough  to  allow  hydrogen 
admission.  The  mobility  of  hydrogen  is  low  enough  that  it  is  retained  in  the 
plastic  enclave  rather  than  diffusing  on  into  the  bulk. 

At  the  higher  temperature,  it  is  again  probable  that  the  fast  ramp  times 
do  not  permit  the  hydrolytic  reaction  to  occur  to  any  large  extent.  Foi  the 
longer  ramp  times,  the  resultant  low  growth  rate  data  leads  to  the  concKs-'on 
that  here  also  there  is  little  or  no  hydrogen  assistance.  It  is  possible  that  1  min 
ramp  times  are  sufficient  to  allow  formation  of  a  passivating  oxide  layer,  or 
that  stress  relaxation  processes  at  the  crack  tip  result  in  blunting  and  resultant 
retardation  of  crack  growth  rates. 

The  17  mHz  sinewave  data,  which  exhibits  a  high  crack  growth  rate, 
suggests  that  there  is  some  sub-range  of  ramp  times,  between  1  sec  and  1  min, 
which  produce  high  crack  growth  rates.  Mechanistically,  this  might  be 
explained  as  the  time  range  which  is  sufficient  to  allow  hydrogen  entry  to  the 
metal,  but  insufficient  to  allow  passivation  or  blunting.  At  the  end  of  this 
reporting  period,  an  additional  test,  with  a  22  sec  ramp  time,  was  being  run  to 
help  determine  the  waveform  resulting  in  the  highest  crack  growth  rates. 

The  details  of  this  model  are  well  supported  by  the  fractographic  observa¬ 
tions  of  the  fatigue  fracture  surfaces.  The  influence  of  hydrogen  assistance  on 
the  fatigue  crack  growth  rates  often  manifests  itself  on  the  fatigue  fracture 
surface  in  several  ways  including  added  cleavage  or  quasi-cleavage,  a  greater 
percentage  of  intergranular  failure  and  a  lesser  percentage  of  fatigue  striation 
formation.  Many  of  the  specimens  from  the  preliminary  matrix  test  series  have 
been  examined  both  metallographically  and  fractographically,  and  the  results  of 
these  observations  are  given  in  Table  9. 
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Table  9  Summary  of  Fatigue  Fracture  Surface  Characters  as  Functions  of  Temperature,  Rise  Time  and  Hold  Time 


Fig.  28  Fatigue  crack  growth  rate  data  vs  applied  cyclic  stores  intensity  for 
two  specimens  of  Mn-Mo  weld  metal  in  PWR  reactor-grade  water  at  93  C. 
These  data  compare  with  the  data  in  Fig.  3  a,  showing  that  the  growth  rate  is  in 
the  high  category  for  this  long  ramp  time  and  low  temperature  set  of 
conditions. 


Progress  on  Main  and  Piping  Test  Matrices 

As  indicated  in  Table  7,  several  main  matrix  tests  of  A508  steel  have  been 
completed  although  at  the  time  these  tests  were  conducted  in  support  of  the 
preliminary  test  matrix  plan.  Preparation  of  specimens  and  several  other  tests, 
of  both  main  matrix  and  piping  steel  materials,  are  underway.  The  materials 
currently  under  test  include  A533-B  steel  plate,  A508  steel  forging,  Mn-Mo 
weld  metal  (Linde  0091  flux),  and  A106  piping  steeL  These  materials  are  being 
tested  under  simulated  PWR  conditions  at  288°C  using  a  load  ratio  of  0.7  and  a 
1  min  ramp/reset  (positive  sawtooth)  waveform.  In  addition  to  the  A106  piping 
steel  test  included  above,  several  other  piping  steel  tests  are  planned.  These 
include  A516  steel  and  specimens  cut  from  a  large  stainless  and  carbon  steel 
research  vesseL 

Data  from  low  temperature  tests  of  main  matrix  material  (Q34  -  Mn-Mo 
weld  Linde  0091  flux)  is  shown  (93°C)  in  Fig.28.  These  data  show  the  expected 
high  growth  rate  from  a  one  min  ramp/reset  waveform  at  low  temperature  as 
discussed  above.  The  fracture  surfaces  will  be  examined  in  order  to  better 
determine  the  exact  reasons  for  this  crack  growth  rate  behavior. 

Preparation  for  Initiation  of  Irradiated  Corrosion  Fatigue  Tests 

Two  single  specimen  autoclaves  will  be  utilized  for  the  unirradiated 
specimen  tests.  One  of  these  autoclaves,  capable  of  testing  a  1T-CT  specimen, 
is  installed  in  the  hot  cell.  So  far,  this  facility  has  been  devoted  to  preliminary 
matrix  testing.  Preparations  are  now  being  made  to  conduct  the  first  test  of  an 
irradiated  specimen.  Fourteen  irradiated  IT  compact  specimens  are  available 
for  testing  in  this  autoclave. 

The  second  autoclave  chamber  has  the  capacity  for  2T  or  4T  CT  or  WOL 
specimens.  This  chamber  will  be  installed  in  a  hot  cell  within  the  next  two 
months.  A  total  of  four  2T  CT  specimens  have  been  irradiated  and  are  currently 
available  for  testing  in  this  autoclave.  Both  the  IT  and  2T  specimens  irradiated 
for  the  hot  cell  autoclave  tests  were  machined  from  either  A508  forging,  A533 
plate,  or  Linde  0091  weld  materials. 

B.  Fractographic  and  Microstructural  Investigation  of  Fatigue  Specimens  of 

A302  Grade  6  Steel 

O.  Gabetta1  and  V.  Provenzano 
Background 

The  studies  of  fatigue  crack  propagation  (FCP)  behavior  of  ferritic  steels 
for  pressure  vessel  applications  are  of  primary  importance  to  light  water 
reactor  safety.  One  of  the  many  objectives  of  current  FCP  studies  is  to  test  the 
validity  of  ASME  Code  Section  XI  curve  for  materials  in  nuclear  environments. 
Further,  these  studies  are  aimed  at  understanding  the  complex  mechanisms  of 
fatigue  failure  as  a  function  of  the  significant  fatigue  variables  which  include 
material  condition  and  environment, 

^Permanent  Addresst  CGSE,  Via  Reggio  Emilia,  Segrate  (Milano),  Italy. 


54 


The  light  water  reactor  safety  programs  involving  the  ferritic  steels  are 
of  interest  to  many  countries.  In  Italy,  a  research  program  in  this  field  is 
sponsored  by  the  Italian  Electric  Power  Company  (ENEL)  and  is  being  carried 
out  at  the  Centro  Informazioni  Studi  Esperienze  (CISE)  research  laboratory  in 
Milan,  Italy.  In  support  of  the  CISE  research  program  for  ENEL,  preliminary 
FCP  tests  in  air  at  room  temperature  were  conducted  on  low  shelf  A302-B  steel 
procured  by  the  Naval  Research  Laboratory  (NRL)  to  characterize  early 
production  of  nuclear  pressure  vessels.  These  studies  on  A302-B  steel  are  part 
of  a  cooperative  research  program  between  NRL  and  CISE  to  investigate  the 
fatigue  and  fracture  properties  of  ferritic  steels  for  nuclear  pressure  vessel 
applications.  This  cooperative  program  is  sanctioned  and  encouraged  by  the 
U.S.  Nuclear  Regulatory  Commission  (NRC). 

Since  the  rolling  procedure  used  in  steelmaking  is  known  to  effect  the 
microstructure  of  ferritic  steels  [23] ,  preliminary  tests  were  designed  to 
investigate  the  effect  of  rolling  direction  on  FCP  behavior  of  A302-B  ferritic 
steeL  The  FCP  tests  included  in  the  present  study  were  carried  out  at  the  CISE 
laboratory;  the  fractography  and  x-ray  microanalysis  on  failed  fatigue  speci¬ 
mens  have  been  conducted  at  NRL. 

Experimental  Procedure 

Two  sets  of  1/2-in.  compact  tension  (CT)  specimens  were  tested.  Each  set 
consisted  of  two  specimens,  one  cut  in  the  T-L  and  the  other  in  the  L-T 
orientation/  All  fatigue  tests  were  conducted  in  air  at  room  temperature  using 
a  constant  specimen  deformation  procedure;  the  applied  load  was  sinusoidal 
with  a  frequency  of  13.3  Hz.  In  this  procedure,  the  value  of  AK  increases  with 
crack  length  even  though  the  applied  load  is  gradually  decreased  as  the  length 
increases.  Additional  details  concerning  this  testing  procedure  are  given  else¬ 
where  [24] .  The  starting  AK  values  used  for  the  two  sets  of  specimens  were  22 
MPa  *4n  (20  ksi  vfn.)  and  16.5  MPa  *4n  (15  ksi  vfa.),  respectively.  During  the 
cycling  the  crack  length  was  monitored  by  a  traveling  microscope  and  the  AK 
values  were  computed  according  to  the  formula  listed  in  ASTM  E-399  [25] .  For 
each  test,  the  log  da/dN  versus  log  AK  curve  was  obtained  by  using  a  seven 
point  incremental  polynominal  technique  as  recommended  by  ASTM  E647-78T 
[26] . 

At  the  completion  of  the  fatigue  tests,  the  two  sets  of  specimens  were 
fractured  at  liquid  nitrogen  temperature.  The  fracture  surfaces  were  then 
examined  with  a  scanning  electron  microscope  (SEM)  using  an  ISI  Super-n  SEM 
operated  in  the  high  voltage  mode.  For  the  purpose  of  energy  dispersive  x-ray 
analysis,  the  fracture  surfaces  were  also  examined  with  an  AMR  lOOO  SEM 
equipped  with  EDAX  Model  707B  dispersive  energy  x-ray  analyzer. 

Results 

The  FCP  data  obtained  from  the  specimen  tests  are  presented  in  Figs.  29 
and  30.  As  shown  by  both  figures,  all  of  the  crack  growth  rates  for  the  first  set 
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The  identification  convention  used  is  that  suggested  by  ASTM  E399  [25] . 
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Fig.  29  Fatigue  crack  propagation  data  of  A302-B  ferritic  steel  tested  in  air 
at  room  temperature  both  for  the  T-L  (VADA1)  and  L-T  (VADA2)  directions 
with  the  higher  starting  AK  value  (22  MPa  /m). 
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Fig.  30  Fatigue  crack  propagation  data  of  AJ02-B  farritie  steel  tested  in  air 
at  room  temperature  both  for  the  T-L  (VAB0  and  L-T  (VAB2)  directions  with 
the  lower  starting  tK  value  (10.5  MPa  ASU 


of  specimens  (Specimen  VADA1,  cut  in  the  T-L  direction,  and  specimen  VADA2, 
cut  in  the  L-T  direction)  ran  roughly  parallel  to  each  other- for  most  of  the  AK 
range,  with  the  T-L  specimen  exhibiting  the  higher  crack  growth  rate  (Fig.  29). 
The  crack  growth  rates  for  the  second  set  of  specimens  (specimen  VAB1,  cut  in 
the  T-L  direction,  and  specimen  VAB2,  cut  in  the  L-T  direction)  were  about 
equal  for  AK  values  below  30  MPa  win  (27.3  ksi  vTiu).  Above  this  AK  value,  the 
crack  growth  rate  of  the  T-L  specimen  (VAB1)  was  higher  (Fig.  30).  The 
difference  in  the  crack  growth  behavior  in  the  two  sets  of  specimens  are  not 
large.  It  is  interesting  to  point  out,  however,  that  a  lower  starting  AK  resulted 
in  a  higher  growth  rate  (the  starting  AK  for  VAB1  and  VAB2  was  16.5  MPa  /m, 
for  VADA1  and  VADA2,  it  was  22  MPa  *fii). 

The  significant  fractographic  features  observed  in  the  SEM  examinations 
of  the  fracture  surfaces  are  summarized  by  the  micrographs  presented  in  Figs. 
31  and  32.  In  the  T-L  specimen  (VADA1),  a  microstructural  texture  running 
parallel  to  the  macroscopic  crack  propagation  direction  is  present  (Fig.  31).  In 
the  second  set  of  tests,  the  T-L  specimen  (VAB1)  shows  an  increase  in  the  crack 
growth  rate  at  AK  values  of  25  to  30  MPa  *fiT  (Fig.  30)  that  coincides  with  the 
appearance  of  the  parallel  texture  in  the  fracture  surface  (Fig.  32).  Though  not 
shown  for  the  sake  of  brevity,  in  the  L-T  specimen  (VAB2),  whose  corresponding 
crack  growth  rate  was  lower,  the  parallel  texture  was  absent.  The  failure  mode 
both  for  the  T-L  and  L-T  specimens  was  transgranular.  In  some  areas  the 
fracture  surfaces  were  characterized  by  secondary  cracking  that  ran  perpen¬ 
dicular  to  the  macroscopic  crack  propagation  direction.  Similar  fractographic 
fractures  have  been  observed  in  other  ferritic  steels  tested  under  analogous 
experimental  conditions  [27,28] . 

As  observed  above,  the  fracture  surface  of  T-L  specimen  (VAB1)  is 
characterized  by  a  parallel  texture  when  AK  exceeds  a  minimum  value  in  the 
range  of  25  to  30  MPa  Sm.  This  texture  is  thought  to  arise  from  inclusion  bands 
that  are  present  in  the  rolled  materiaL  To  see  if  the  parallel  texture  is  indeed 
the  result  of  inclusion  bands,  the  fracture  surface  was  analyzed  with  a  x-ray 
microanalyzer  which  is  attached  to  AMR  1000  scanning  electron  microscope. 
The  results  of  the  x-ray  microanalysis  are  summarized  in  Fig.  33.  The  analysis 
confirms  that  the  parallel  features  were  manganese-sulfide  inclusion  bands. 

From  the  results  presented  above,  it  appears  that  inclusion  bands  are  the 
primary  cause  for  the  increase  in  the  crack  growth  rate  above  a  minimum  AK 
value.  It  is  believed  that  a  preferential  decohesion  process  occurred  at  the 
inclusion-matrix  interface,  which  became  activated  above  some  threshold  stress 
level  and  resulted  in  higher  crack  growth  rates  in  the  specimens  cut  in  the  T-L 
direction.  This  threshold  stress  level  is  probably  a  measure  of  the  bond  strength 
between  the  inclusions  and  the  material  matrix. 

The  SEM  micrograph  shown  in  Fig.  34  typifies  the  fractographic  features 
observed  in  the  L-T  specimens  (VADA2  and  VAB2).  Together  with  a  small 
inclusion  band,  the  micrograph  reveals  the  presence  of  some  lamina-shaped 
holes.  These  holes  are  believed  to  represent  the  inclusion  bands  that  in  the  L-T 
specimens  are  oriented  perpendicular  to  the  main  crack  path;  the  few  bands 
that  resided  along  the  crack  plane  did  not  seem  to  have  affected  the  crack 
propagation  behavior. 
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Fig.  31  Fracture  surface  of  A302-B  ferritic  steel  specimen  but  along  T-L 
direction  (VADA1)  tested  in  air  at  room  temperature  with  higher  starting  AK 
value.  Arrow  shows  direction  of  macroscopic  crack  propagation.  SEM 
micrographs  clearly  show  inclusion  bands  in  the  fracture  surface  that  run 
parallel  to  the  macroscopic  crack  propagation  direction. 
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Fig.  32  Fracture  surface  of  A302-B  ferritic  steel  specimen  cut  along  T-L 
direction  (VAB1),  tested  in  air  at  room  temperature  with  the  lower  starting  AK 
value.  Arrow  shows  direction  of  macroscopic  crack  propagation.  Series  of  SEM 
micrographs  show  transition  region  corresponding  to  25  to  30  MPa  /m  AK 
value,  where  inclusion  bands  begin  to  appear  in  fracture  surface. 


Sulfur 
Image  Scan 


Fig.  33  Fracture  surface  and  corresponding  energy  dispersive  x-ray  point 
maps  of  A302-B  ferritic  steel  specimen  cut  along  T-L  direction  (VAB1).  Arrow 
shows  macroscopic  crack  propagation  direction.  SEM  micrograph  on  top  of  the 
figure  clearly  shows  inclusion  bands  in  the  fracture  surface  that  run  parallel  to 
the  macroscopic  crack  propagation  direction.  Lower  two  micrographs  are 
image  scans  obtained  through  energy  dispersive  x-ray  microanalysis  showing 
that  inclusion  bands  are  manganese  (left)  and  sulfur  (right)  second-phase 
particles. 
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Fig.  34  Fracture  surface  of  A302-B  ferritic  steel  specimen  cut  along  L-T 
direction  (VADA2)  tested  in  air  at  room  temperature.  Arrow  shows  direction  of 
macroscopic  crack  propagation.  SEM  micrograph  shows  small  inclusions  and 
lamina-shaped  holes  present  in  the  fracture  surface.  The  lamina-shaped  holes 
are  believed  to  represent  the  inclusion  bands  that  are  oriented  perpendicular  to 
main  crack  plane. 
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The  fracture  surfaces  and  the  microstructure  of  A302-B  ferritic  steel 
FCP  specimens  tested  at  room  temperature  have  been  examined  by  SEM  and  by 
energy  dispersive  x-ray  microanalysis.  The  crack  propagation  was  taken  in  the 
T-L  and  L-T  test  directions  to  permit  an  investigation  of  the  effect  of  rolling 
direction  on  the  fatigue  crack  growth.  The  results  may  be  summarized  as 
follows: 


(1)  Inclusion  bands  in  the  T-L  specimens  were  strongly  aligned  in  the 
rolling  direction  and  were  observed  in  the  fracture  surfaces.  The 
composition  of  inclusion  bands  was  determined  by  energy  dispersive 
x-ray  analysis;  the  x-ray  microanalysis  showed  them  to  be 
manganese-sulfide  inclusions.  These  bands  indicate  a  preferential 
decohesion  process  at  the  matrix-inclusion  interface  that  resulted  in 
higher  crack  growth  rates  in  the  T-L  specimens  when  compared  to 
the  crack  growth  rates  of  the  L-T  specimens. 

(2)  In  the  T-L  specimen  which  had  been  tested  with  a  lower  starting  AK 
value,  inclusion  bands  were  not  observed  unless  AK  exceeded  a  mini¬ 
mum  value  in  the  range  of  25  to  30  MPa  /m  (22.7  to  27.3  ksi  /in.). 
The  minimum  AK  value  is  probably  related  to  the  bond  strength 
between  the  inclusions  and  the  material  matrix. 

(3)  A  few  small  inclusion  bands  were  seen  in  the  fracture  surfaces  of 
the  L-T  specimens.  These  small  inclusions  did  not  appear  to  have 
affected  the  fatigue  crack  growth  behavior  of  the  material  cut  in 
the  L-T  direction.  However,  some  lamina-shaped  holes  were  present 
and  are  thought  to  represent  the  inclusion  bands  oriented  perpen¬ 
dicular  to  the  crack  plane.  The  presence  of  few  inclusions  and  the 
lamina-shaped  holes  showed,  as  anticipated,  that  the  inclusion  bands 
in  the  L-T  specimens  were  mostly  oriented  perpendicular  to  the 
main  crack  path. 
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